The objective of this research was to study the occurrence and seasonal variations of disinfection byproducts (DBPs), including traditional carbonaceous and emerging nitrogenous DBPs, in a full-scale drinking water treatment plant (DWTP) for nearly 2 years. The removal efficiencies of each DBP through the treatment processes were also investigated. This DWTP takes raw water from the Yangtze River in East China. The quality of the raw water used in this DWTP varied with different seasons. The results suggested that DBP concentrations of the finished water were higher in spring (82.33 ± 15.12 μg/L) and summer (117.29 ± 9.94 μg/L) with higher dissolved organic carbon (DOC) levels, but lower in autumn (41.10 ± 5.82 μg/L) and winter (78.47 ± 2.74 μg/L) with lower DOC levels.
ozonation and activated carbon adsorption have been applied in some large DWTPs in East China, the occurrence of THMs and other DBPs is still of great concern for the public.
In this study, the occurrence of DBPs including THMs, HANs, HKs, and TCNM in a full-scale DWTP with advanced treatment processes in East China was investigated continuously for almost 2 years with special interest in their speciation and seasonal variation. Reduction efficiencies of DBPs through the water treatment processes were also evaluated. The results of this research can contribute to the understanding of DBP formation characteristics and so to the optimization of water quality management and the operation of DWTPs in East China.
MATERIALS AND METHODS

Chemicals and reagents
Commercial sodium hypochlorite (NaOCl) solution 4-4.99%, NaOH (!98%), KH 2 PO 4 (!99.0%), Na 2 CO 3 (!99.0%) and NaHCO 3 (!99.0%) were purchased from Sigma-Aldrich (St Louis, MO, USA) and used without further purification. DBP standard solutions of EPA 551.1 and 552.2 halogenated volatile mix including four THMs (chloroform (CF), bromodichloromethane (BDCM), dibromochloromethane (DBCM) and bromoform (BF)), four haloacetonitriles (HANs) (dichloroacetonitrile (DCAN), bromochloroacetonitrile (BCAN), trichloroacetonitrile (TCAN) and dibromoacetonitrile (DBAN)), two haloketones (HKs) (1,1-dichloropropanone (DCP) and 1,1,1-trichloropropanone (TCP)), trichloronitromethane (TCNM) and other DBP species (tetrachloromethane (PCM), tetrachloroethylene (PCE) and trichloroethylene (TCE)) were purchased from Sigma-Aldrich (USA). The extraction solvents including methyl tert-butyl ether (MtBE) and acetonitrile of high performance liquid chromatography (HPLC) grade were purchased from J.T. Baker (USA). Analytical grade reagents including Na 2 S 2 O 3 and H 2 SO 4 were purchased from Sinopharm Chemical Reagent Co., Ltd (Shanghai, China) and used without further purification. All solutions were prepared using ultra-pure water produced from a Milli-Q water purification system (Millipore, USA).
Description of the DWTP and sample collection
The target DWTP is located in the Yangtze River delta of the samples were all immediately filtered through 0.45 μm membrane filters (Millipore Corp., USA) and stored in the dark at 4 C until used. The raw water (collected before prechlorination in the plant) in this study was pre-chlorinated (the dosage is 0.2 mg/L) at the water source pump station for algal growth inhibition during long-distance water delivery, which is different from the pre-chlorination in this plant, so the concentration of DBPs in raw water was also investigated in this work. The characteristics of the raw water samples are summarized in Table S1 and shown in Figure S1 (available with the online version of this paper).
Analytical methods
The concentration of NaOCl was calibrated using the Table S2 (available online).
RESULTS AND DISCUSSION
Concentration and speciation of typical DBPs
As shown in Table S1 and Figure .47 μg/L), which can be attributed to higher DOC levels in spring and summer (1.98 and 2.46 mg/L, respectively, in Table S1 ). Higher DOC concentration represents more NOM existing in the raw water and DBP formation will increase as NOM concentration increases (Ates et al. Br-THMs were a larger proportion of THM4.
As for seasonal variations of HAN4, HK2 and TCNM, it was discovered that these three kinds of DBPs had a similar seasonal variance trend to that of THM4 and total DBPs (high in summer and low in autumn and winter), which could also be contributing to the DOC levels. When bromide concentration increased in spring and winter (Table S1 ), DBAN formation increased remarkably, and DBAN and DCAN became the main contributors (Table S4) (Table S1 ), DBCM (35.5%) and BF (30.6%) became the main contributors to THM4. In summer and autumn, bromide was hardly detected, BF was barely generated, and CF accounted for 45.4% and 52.8% of THM4 respectively.
As shown in Figure 2( 
Variation of DBP concentrations through the treatment processes in four seasons
Due to the application of pre-chlorination, the variation of DBP concentrations through the water treatment process is also worth attention. Figure 3 shows the DBP concentration after different units at the DWTP in each season.
DBP concentrations reached their highest value in summer and their lowest in autumn. DBP concentration increased significantly after pre-chlorination, especially in spring (increased 57.66 μg/L) and summer (increased 72.55 μg/L), which may be caused by the higher NOM concentration (DOC and TN in Table S1 ) and chlorine dosage in these two seasons. DBP concentrations kept increasing in the sequential sedimentation process except in spring, which means that residual chlorine continued reacting with organics in the water. Filtration and BAC processes had a slight effect on the removal of DBPs, and the removal efficiency by ozone was also inconspicuous in spite of its strong oxidizing ability. In summer and autumn, the ozonation process decreased DBPs by 1-9%, which is similar to a previous study (Deeudomwongsa et al. ) , but in spring DBP concentrations increased less than 5%, which could be regarded as error. In spring, summer and autumn, DBP concentrations decreased 15-20% after the BAC process due to the adsorption capacity of activated carbon (Qian et al. ) and their biodegradability. As post-chlorination was applied after filtration, significant increase of DBP concentrations in the finished water was observed in all seasons. Although ozonation and BAC have a slight reduction in DOC ( Figure S1 ) and the DBPs produced by pre-chlorination, there is still a certain amount of DOC in the water that can be used as DBP precursors. After ozonation and BAC, the DOC with low molecular weight (<1 kDa) took up a greater proportion (Xu et al. ) and had higher formation potential for some DBPs (Zhou et al. ) . In addition, the chlorine dose after the BAC unit (>1.0 mg/L) was much higher than that in pre-chlorination (0.5 mg/L). As result, DBP concentrations in the water increased after post-chlorination. In spring, the pH value of raw water (8.22-8.38) was higher than in the other three seasons (Table S1 and Figure S1 
